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Available online 24 October 2017Lentil (Lens culinarisMedik) is one of the most important food legumes in the world. The use
in lentil of molecular marker-assisted breeding is limited, owing to the low availability of
polymorphic markers. In the present study, we developed a set of polymorphic
intron-spanning markers (ISMs) using a cross-species mapping approach. In this
approach, putative unique transcripts (PUTs) of L. culinaris were mapped onto the Medicago
truncatula genome, exploiting its closeness with the lentil genome. Spliced alignment of the
PUTs resulted in a total of 25,717 alignments, allowing the development of 1703 ISMs. From
these, a subset of 105 ISMs were synthesized and validated with a 51% amplification success
rate in 32 lentil genotypes. Of these ISMs, 40 (74%) were polymorphic and generated 2–11
alleles per locus in a genetically diverse panel of 32 lentil genotypes including wild species.
This set of polymorphic ISMs along with their functional annotation data will be useful in
lentil breeding.
© 2017 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Lentil (Lens culinaris Medik.) is one of the most important food
legumes and is grown in many parts of the world including
Canada, Australia, northwestern USA, Turkey, Syria, Nepal,
India, and Bangladesh [1]. Theworld annual production is nearly
5 Mt [1]. Lentil originated in the Fertile Crescent and is reported
to be one of the earliest domesticated food crops [2]. Cultivation
of lentil is affected by various biotic and abiotic stressescience Society of China a
in (D.S. Gupta), jitendra.ku
aurav Sablok contributed
ina and Institute of Crop
license (http://creativecomincluding foliar and root diseases, high temperature, drought,
soil pH (<5.4), and waterlogging. Most lentil-producing countries
use conventional breeding approaches in their active breeding
programs for developinghigh-yielding lentil cultivarswith better
grain quality. However, in recent years, molecular markers are
being widely used for accelerating precise breeding in several
crops including major pulse crops such as chickpea and
pigeonpea [3]. Further, the advent of next-generation sequencing
technologies has allowed the rapid genomesequencing of pulsesnd Institute of Crop Science, CAAS.
mar@icar.gov.in (J. Kumar).
equally to this work.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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cajan) [5,6]. Availability of the genome sequences in these species
has permitted the development of genome-anchored maps,
visualization of single nucleotide polymorphism SNPs, and
identifying species-specific SNPs. In the past, limited efforts
have been made toward the development of molecular marker
systems such as simple sequence repeats (SSRs) and SNPs for
enriching genomic resources in lentil [7–12]. The plant genomes
have genes with larger intronsand spliced alignment of tran-
scripts to the genome has revealed a large diversity in intron
size. Despite being of diverse lengths, introns have been amajor
resource for molecular-marker development in several crop
species [13–16] and have been recently leveraged to develop
marker resources for legumes through the development of
intron-spanning markers (ISMs), which are codominant or
dominant, reproduciblemarkers that showmulti-allelic patterns
[13–16]. Development of these markers is gaining importance in
species for which a reference genome sequence is available. In
lack of the reference genome cross-species reference genome
mapping can be used to identify the intron-spanning markers.
Briefly, development of intron-spanningmarkers can be done by
performing a spliced alignment of the gene transcripts to the
reference genome and developing polymerase chain reaction
(PCR) primers that are anchored in conserved exons that span
target introns. Previously, intron-spanning markers were devel-
oped in legumes using CSGM Designer [17], which provides
algorithm-or alignment-based identification of intron spanning
markers and these can be validated on a set of diverse
genotypes. Similarly, in lentil, transcript sequence databases
available in the public domain can be used for de novo assembly
and identification and design of primers for the amplification
of ISM regions. The objectives of this studywere to (1) develop
polymorphic ISMs in lentil using expressed sequence tag
(EST) sequences, and (2) validate polymorphic ISMmarkers in
a diverse panel of Lens genotypes including wild lentil
species.2. Materials and methods
2.1. Development of intron-spanning markers, primer design,
and functional annotation
A cross-species mapping-based approach was used for develop-
ing intron-spanningmarkers. In this approach, a well annotated
and curated reference genome of Medicago truncatula was used
because of its close phylogenetic positioningwith L. culinaris.The
L. culinaris putative unique transcripts (PUTs) from PlantGDB
version 187 [18] were mapped onto the M. truncatula genome.
Prior to mapping, repeat masking of the genomewas performed
using RepeatMasker, available from http://www.repeatmasker.
org/. The RepBase libraries available from http://www.girinst.
org/repbase/ and the L. culinaris ESTs downloaded from Plant
GDB version 187 were aligned to the genome using GeneSeqer
[19], a spliced alignment tool available fromhttp://brendelgroup.
org/bioinformatics2go/GeneSeqer.php. Following alignment,
intron-spanning coordinates were extracted and primers were
designed for the respective coordinates using Primer3 version
1.1.4, available from http://primer3.sourceforge.net/releases.php
[20].Following the identification of intron-spanning regions,
primer pairs were designed using Primer3 with parameters
defined as minimum amplicon size 100 bp and maximum
amplicon size 300 bp, primer size 18–27 bp, primer Tm 57–63 °C,
primerGC content 30%–70%, CGclamp0,maximumend stability
250,maximum Tmdifference 2,maximumself-complementarity
6, maximum 3′ end self-complementarity 3, maximum Ns
accepted 0, and maximum poly-X5. The aligned PUTs to the
Medicago genome have been annotated and then after annota-
tion gene ontology has been defined based on the annotation.
Functional annotation and gene ontology of the intron-spanning
markers were performed using BLASTx searches (E-value,
1 × 10−5) against GenBank (http://www.ncbi.nlm.nih.gov/),
UniProt (http://www.uniprot.org/), and TAIR (https://www.
arabidopsis.org/) databases.
2.2. Plant materials and DNA extraction
Thirty-two Lens genotypes were used for genotyping with 105
primers. A diverse panel of thirty-two Lens genotypes consisting
of L. culinaris released cultivars, advanced breeding lines, parents
of mapping populations, and genotypes of L. ervoides and L.
culinaris subsp. orientalis was tested to identify polymorphic
markers (Table 1). DNA samples were extracted from individual
plant leaf tissue when seedlings were two weeks old using the
cetyltrimethylammonium bromide (CTAB) procedure [21]. The
DNA concentrations of the extracted sampleswere recorded and
were compared with after corresponding concentration with
λDNA. The extracted DNA samples were diluted to a uniform
concentration of 20 μg μL−1 for PCR amplification.
2.3. PCR amplification
One hundred and five primer pairs (Table S1) were synthe-
sized from Imperial Life Sciences (P) Limited, Gurugram, India
and used in this study. PCR reactions (in 25-μL volumes) were
conducted in a G-Strom (model number GT-40319, UK)
thermocycler. Each reaction contained 2.5 μL Taq buffer (Merck,
Bangalore, India), 1.5 μL MgCl2 (25 mmol L−1) (Merck, Bangalore,
India), 0.20 mmol L−1 of each dNTP (Merck, Bangalore India),
0.50 mmol L−1 of each primer [Imperial Life Sciences (P) Limited,
Gurugram India], 0.5 U of Taq polymerase (Merck, Bangalore,
India), and 20 ng of template DNA. Primers amplifying LensDNA
were validated in a set of 32 diverse Lens genotypes using the
following PCR conditions: 94 °C for 4 min, followed by 35 cycles
of 94 °C for 1 min, 58 °C for 1 min, and 72 °C for 1 min followed
by a final elongation step of 72 °C for 15 min. PCR products were
resolved by 10% polyacrylamide vertical gel electrophoresis
(Sigma-Aldrich, New Delhi, India) and visualized by silver
staining. Fragments were scored visually after staining.
2.4. Molecular data scoring and statistical analysis
Polymorphism information content (PIC) values were calculated
following Botstein et al. [22]. The presence and absence of the
band were scored as 1 and 0 and the binary data so obtained for
all Lens genotypes for polymorphic markers were used to
calculate a correlation matrix using Jaccard's similarity coeffi-
cient analysis [23]. The similarity coefficient was used to
construct a dendrogram based on the unweighted pair group
Table 1 – Details of plant materials used.
Genotype Species Description/pedigree Source Remark
IG72632 L. culinaris subsp. orientalis Germplasm ICARDA, Aleppo, Syria Collected from Turkey
IG136668 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Turkey
IG136655 L. culinaris subsp. orientalis Germplasm ICARDA, Aleppo, Syria Collected from Turkey
IG72678 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Syria
IG136620 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Slovenia
IG136615 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Croatia
IG72860 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Jordon
IG72861 L. ervoides Germplasm ICARDA, Aleppo, Syria Collected from Jordon
IG72636 L. culinaris subsp. orientalis Germplasm ICARDA, Aleppo, Syria Collected from Syria
IG116039 L. culinaris subsp. orientalis Germplasm ICARDA, Aleppo, Syria Collected from Turkey
DPL62 L. culinaris JL1 × LG171 IIPR, Kanpur, India Cultivar
IPL220 L. culinaris DPL44 × DPL62 × DPL58 IIPR, Kanpur, India Cultivar
DPL58 L. culinaris PL639 × PRECOZ IIPR, Kanpur, India Advanced breeding line
IPL526 L. culinaris DPL62 × DPL58 IIPR, Kanpur, India Cultivar
IPL81 L. culinaris K75 × PL639 IIPR, Kanpur, India Cultivar
IPL221 L. culinaris DPL44 × DPL62 × DPL58 IIPR, Kanpur, India Advanced breeding line
JL01 L. culinaris Local collection from M. P. state, India JNKVV, Jabalpur, India Cultivar
ILL7663 L. culinaris Unknown ICARDA, Aleppo, Syria Exotic line
IPL316 L. culinaris Sehore 74-3 × DPL58 IIPR, Kanpur, India Cultivar
IPL325 L. culinaris ILL101 × E362 × DPL62 IIPR, Kanpur, India Breeding line
IPL219 L. culinaris ILL7657 × DPL61 IIPR, Kanpur, India Breeding line
IG3973 L. culinaris Germplasm ICARDA, Aleppo, Syria Exotic line
IG3364 L. culinaris Germplasm ICARDA, Aleppo, Syria Exotic line
IG3575 L. culinaris Germplasm ICARDA, Aleppo, Syria Exotic line
IG3568 L. culinaris Germplasm ICARDA, Aleppo, Syria Exotic line
DPL15 L. culinaris PL406 × L4076 IIPR, Kanpur, India Cultivar
IG2507 L. culinaris LL3 PAU, Ludhiana, India Landrace
IG4258 L. culinaris P985 USDA, RPIP, New Delhi Landrace
FLIP2009-55L L. culinaris ILL6783 × ILL98 ICARDA, Aleppo, Syria Exotic line
IG3327 L. culinaris P1047 USDA, RPIP, New Delhi Landrace
IG3330 L. culinaris P1050 USDA, RPIP, New Delhi Landrace
IG3546 L. culinaris LG150 PAU, Ludhiana, India Landrace
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[24] software. The data were also subjected to principal
coordinate analysis (PCA) using NTSYS.3. Results
3.1. Development and validation of ISM markers in lentil
A total of 1703 ISMs were developed in lentil using a
cross-species mapping-based approach. For the identification
of ISMs, 16,279 EST sequences of L. culinaris from were mapped
onto theM. truncatula genome (Table 2). RepBase libraries and L.
culinaris ESTs were aligned which resulted in a total of 25,717
GeneSeqer alignments. These were further curated to identify
1703 ISMs (Table S2). Among these, a set of 105 primer pairswere
used for experimental validation, which resulted in successful
amplification of 54 primer pairs (51%) on lentil genomic DNA.Table 2 – Summary statistics from bioinformatic analysis
and wet-lab validation.
Parameter Value
Number of EST sequences used for genome mapping 16,279
Number of PUT used by GeneSeqer for intron-spanning
marker development
898
Number of ISM primers designed 1703
Number of primers used for validation 105
Number of polymorphic ISM primers 40
Polymorphism percentage 703.2. Application of ISMs in assessing genetic diversity in Lens
species
Fifty-four ISM primer pairs were tested for identification of
polymorphic markers in a diverse panel of 32 Lens genotypes
consisting of released cultivars, advancedbreeding lines, parents
of mapping populations (L. culinaris) and genotypes of L. ervoides
and L. culinaris ssp. orientalis. Thus, a total of 40 ISMs were found
polymorphic (Table 3, Fig. 1), so that these ISMs showed high
polymorphism (74%). The number of alleles ranged from 2 to 11
with an average of 3.7 alleles for each primer pair, while the PIC
ranged between 0.10 and 0.50 with an average of 0.31. The sizes
of alleles varied from 52 to 390 bp.
In the present study, polymorphic ISMs were used to assess
the genetic diversity among the 32 genotypes and to establish
the genetic relationships among them.Tenaccessions belonging
to different Lens wild species amplified 667 alleles with an
average of 17 alleles permarker,while 22 accessionsbelonging to
cultivated species amplified 1404 alleles with an average of 35
alleles per marker. These results showed high allelic diversity
among the lentil genotypes for ISMs, indicating that these
markers can be used further in lentil breeding programs for
several purposes. Cluster analysis based on genotyping data of
40 polymorphic ISMs clustered the 32 Lens genotypes into two
groups (Fig. 2). Group I contained 19 genotypes which belonged
mostly to cultivated and wild species of lentil (L. culinaris subsp.
culinaris, L. culinaris subsp. orientalis, and L. ervoides genotypes).
Genotypes of L. ervoides were clustered within group I (Fig. 2).
Table 3 – Tm, allele size, and polymorphism information content (PIC) of each polymorphic intron-spanning marker.
Marker EST sequence Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′) Tm (°C) Allele Product size PIC value
PUT3940_1 PUT-187a-Lens_culinaris-3940 GGCGAGCGAACGGGGACCAGCC CGGGGCTATCACCCACTATGGCCGC 73 2 52–118 0.18
PUT13107_1 PUT-187a-Lens_culinaris-13107 AGGGCGTTCAGTCGCTGGGTGTAGA TGGGTTCGGTCCTCCAGTGCGTGT 68 3 60–118 0.33
PUT8678_1 PUT-187a-Lens_culinaris-8678 TGGAGTTGAGTTCGCCACCAGGACTCT CGCTCCTGACCGGCAGTGTCCCA 69 4 160–230 0.37
PUT13088_1 PUT-187a-Lens_culinaris-13088 GGCGAGCGAACGGGGACCAGCC CGGGGCTATCACCCACTATGGCCGC 59 6 52–147 0.29
PUT9449_1 PUT-187a-Lens_culinaris-9449 TGCAACTGGCTCGGAGGCTGACCA GCGTCCGGTCCTGTTTCTCCAGGGGT 69 5 178–373 0.39
PUT5991_1 PUT-187a-Lens_culinaris-5991 TGGAAGCACCGCCCCACGAGTCA AGGACTTCGGGTGCAATGTAAGCCGGA 68 3 167–193 0.31
PUT11257_1 PUT-187a-Lens_culinaris-11257 AAAGGGAGATTGCCGTGGCAGGGTT AGCAGCACATTGACTCCGCAGAAGTGG 67 3 187–284 0.31
PUT2369_1 PUT-187a-Lens_culinaris-2369 ACGCTACTGGCGCTGGTGACGAAGAG CCACGTGCACCTTCACCTGCTCCACC 70 3 138–246 0.24
PUT10315_1 PUT-187a-Lens_culinaris-10315 GCGGCGGCAGAGAAGACCGAACA GGCCACGAGGATCTCGAAGCCTCTCA 69 4 255–329 0.24
PUT1054_1 PUT-187a-Lens_culinaris-1054 TGAGCCTACACAGACGCGGCAGCA TGCACGAGAAACGGCCAGTTGTCCA 67 3 195–250 0.37
PUT 8925_1 PUT-187a-Lens_culinaris-8925 AGGCACCAGAGGTGGGCTAGCAGT TGCACCGGCACTTTCCATGCCACT 67 2 163–326 0.43
PUT737_1 PUT-187a-Lens_culinaris-737 ACCGTTGGTGACGGAGCATGATGAGCA GGCCACATTGTTGGTGGCTTCCACCGT 69 2 116–127 0.20
PUT6817_1 PUT-187a-Lens_culinaris-6817 AGAAGGACTTCTGCGCCCTCTTGGTGA AGGCATTCACCATCTCCGGTGGGACA 68 2 131–150 0.41
PUT2753_1 PUT-187a-Lens_culinaris-2753 TGCAAGAACAGGAGGCATTGCCACGGA GGCATGCCTTGCTTCCGCAGAAAAGGT 68 3 100–130 0.25
PUT14981_1 PUT-187a-Lens_culinaris-14981 CGCCGGTGCATTCGCCGGTCTCC TCCAGCGCCAAAAGCAATAGAAGCCCA 68 5 209–308 0.44
PUT4935_1 PUT-187a-Lens_culinaris-4935 TGGCATGACCACTTTCCACACCGCT TGTCACGTGCCATGAATCCAGCACCAC 67 4 196–235 0.17
PUT4843_1 PUT-187a-Lens_culinaris-4843 TGCAGCTGAGGTTTCCCGCTTTCCA TCGAGAAGGTGCCGATCCAGCCCA 67 3 201–250 0.16
PUT6192_1 PUT-187a-Lens_culinaris-6192 TGCAACTTGCCTGCAATTCCTCACCCA ACTGCTGCTTCCAACCCCAGCTGGTTA 67 5 240–390 0.14
PUT7040_1 PUT-187a-Lens_culinaris-7040 AACCATCACCGCCGCTTGCAACTACT TCGGCCCAAACCCACCGGTGACA 67 2 143–167 0.46
PUT7944_1 PUT-187a-Lens_culinaris-7944 AGCCTGCTGACAGTTCCCAGTGCCA ACAACCACGCAGGAGCAGCCAGT 67 3 201–237 0.36
PUT11770_1 PUT-187a-Lens_culinaris-11770 GCCCACCCCAGCTGCTCTTCCGA AGAAGGAGGAGTCCTGGGGCGCTT 69 2 179–210 0.32
PUT3437_1 PUT-187a-Lens_culinaris-3437 AGGCCGCGAGAAGGAAAGTCAGGCA GCCGACCAGAACCTCGAGCTATTCGCA 69 2 105–123 0.41
PUT3101_1 PUT-187a-Lens_culinaris-3101 GGCAAAGCGAGAAGCTCCAAAGCTCGC GCGTCGAGACCGGAGCGAGTAGCA 70 2 245–285 0.26
PUT8778_1 PUT-187a-Lens_culinaris-8778 AGCCATTCCGTCAGTCCATCCCCCT GCCCGCACTTCCTCAACCTTCATCGGC 69 2 270–279 0.49
PUT10666_1 PUT-187a-Lens_culinaris-10666 TGGCGGTTGTTGGCGGGACAAAGGA GGGCATTCACATACTCGCCCGCGGAA 69 5 158–279 0.31
PUT2810_1 PUT-187a-Lens_culinaris-2810 TGCCTTGGCTATGATTGCTGGAGGGGG GGACCTTCTTCTTGGCTGTCCAAGGGC 70 4 203–314 0.35
PUT3418_1 PUT-187a-Lens_culinaris-3418 TGCCTCCGCCGATAACACTGTCAGGC GCGAACGGGAGCATCGTGCTTTCCCA 70 2 179–192 0.50
PUT8282_1 PUT-187a-Lens_culinaris-8282 CCGTCGGCGTTCCTCCACCGCA ACCCCGGCGGAGGGTAAGCGT 69 2 187–201 0.50
PUT2156_1 PUT-187a-Lens_culinaris-2156 GCCGGAACATCAAGTGCTCACCAAGGC TCGCGCAACAGGATCCGTCACAAACA 68 4 153–303 0.25
PUT11497_1A PUT-187a-Lens_culinaris-11497 AGGGATAACGGGATGCGTGCAGCCTT AGTCGAGCGTTCCAAGCTCTTGGGGAT 68 4 254–291 0.28
PUT11497_1B PUT-187a-Lens_culinaris-11497 TGCTGGGCCTGCACCAAACCGCT TGCTGGGCCTGCACCAAACCGCT 69 4 254–291 0.39
PUT11173_1 PUT-187a-Lens_culinaris-11173 GGATCAGACGCGAAGGCCGAAACCGT TGCGGTCCTCTCCTCGCATTTCTCACC 70 6 88–220 0.25
PUT11450_1 PUT-187a-Lens_culinaris-11450 TGCGCCCAGTGCCACACCGTCG TGCGCCCAGTGCCACACCGTCG 70 9 114–250 0.35
PUT13763_1 PUT-187a-Lens_culinaris-13763 TGGCGCCGTTTGGTGCTGCGA GGCCGTCTGGTCAGCACTGCCTGT 68 6 62–109 0.23
PUT12611_1A PUT-187a-Lens_culinaris-12611 GCGTTCGGCAAGGTGCACACCGTGTTA GCGTTCGGCAAGGTGCACACCGTGTTA 70 3 159–248 0.13
PUT12611_1C PUT-187a-Lens_culinaris-12611 GCGTTCGGCAAGGTGCACACCGTGTTA ACCAGGGTGTTGCTTTGCTGCCTCTGC 70 3 300–337 0.49
PUT5190_1 PUT-187a-Lens_culinaris-5190 TGGTGCTGCTGCTGGAGTTGGTGCT TGGTGCCAAAACTTTCAACCCAGGGCA 67 5 121–292 0.39
PUT13489_1 PUT-187a-Lens_culinaris-13489 GGCGGCATTTGTTGGATGCTTGATGCC AGCTCTCCTGCGTCCAGTTTGGCGGA 69 11 156–359 0.23
PUT2042_1 PUT-187a-Lens_culinaris-2042 CCCCCAAATCCATAGAGGGTCCTGCCC CCCCCAAATCCATAGAGGGTCCTGCCC 70 2 199–210 0.10
PUT3749_1 PUT-187a-Lens_culinaris-37491 TCTCAGGCAACCGACCTTCTGTCAGCC TCCCTAGCTCCACTCCCCACTGGTCA 70 4 121–255 0.21
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Fig. 1 – PCR amplification profiles of 32 lentil genotypes for the primer PUT 11770_1. 1, IG-72632; 2, IG-136668; 3, IG-136655; 4,
IG-72678; 5, IG-136620; 6, IG-136615; 7, IG-72860; 8, IG-72861; 9, IG-72636; 10, IG-116039; 11, DPL-62; 12, IPL-220; 13, DPL-58; 14,
IPL-526; 15, IPL-81; 16, IPL-221; 17, JL-01; 18, ILL-7663; 19, IPL-316; 20, IPL-325; 21, IPL-219; 22, IG3973; 23, IG3364; 24, IG3575; 25,
IG3568; 26, DPL15; 27, IG2507; 28. IG4258; 29, FLIP2009-55L; 30, IG3327; 31, IG3330; 32, IG3546. LaneM contains amolecular ladder.
303T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 2 9 9 – 3 0 5Another 13 accessions were clustered in group II and belonged
only to L. culinaris subsp. culinaris. The first three components of
PCA accounted for 13%, 9%, and 8% of total observed variation
reflected as a measure of the polymorphism, respectively. In
total, three PCA components accounted for 30% of total variation
for the 32 genotypes.
We also studied the functional annotation of ISMs. Protein
databases available in the public domain were searched for
the designed ISMs. Annotations of the entire set of 1703 ISMs
showed sequence similarity with legumes encoding genes, as
presented in Table S3 and summarized in Fig. S1.4. Discussion
Various molecular markers have been developed in lentil [7–
12,25]. PCR-based markers such as SSRs have been the choice of
plant breeders. Because the full genome sequence of lentil is notFig. 2 – Dendrogrambased on Jaccard's similarity coefficient using
line. Group I consisted of 19 genotypes (IG72632, IG72636, IG136668
DPL58, IPL526, IG136655, IG72678, IG136620, IG136615, IG72860, IG
IG4258, FLIP2009-55L, IG3327, IPL219, IG3973, IG3364, IG3575, IG356
of each genotype were given beside their names.available in the public domain [11], development of polymorphic
markers in lentil is slower than in other sequenced food legumes
such as chickpea and pigeonpea. However, it is possible to
develop intron-spanning markers (ISMs) by exploiting exon
conservation to develophighly polymorphic, highly transferable,
and codominant markers [26,27]. Earlier, using a cross-species
mapping based approach, 91 ISMsmarkerswere developed from
pairs of highly similar genes of M. truncatula, a model legume,
and Glycine max and validated on six different legume species
includingM. truncatula, Pisum sativum, Lotus japonicus, L. filicaulis,
Vigna radiata, and Phaseolus vulgaris [28]. In this study, genomic
synteny betweenM. truncatula and Lenswas used for developing
ISMs in lentil. Because ISMs can contribute toward the develop-
ment of informative markers by saturating the chromosomal
region of interest [26,27]. In our study, 51% of markers could be
amplified on Lens DNA. However, in grass species,
intron-spanning markers showed high (79%–95%) amplification
rates on bulk DNA samplesmade from six forage species (LoliumUPGMA clustering. The black dotted line denotes the reference
, IG116309, DPL62, IPL220, IPL221, JL01, ILL7663, IPL81, IPL316,
72861) and Group II consisted of 13 genotypes (IPL325, IG2507,
8, IG7663, IG3330, IG3546). Name of the respective Lens species
304 T H E C R O P J O U R N A L 6 ( 2 0 1 8 ) 2 9 9 – 3 0 5perenne, L. multiflorum, Festuca pratensis, F. arundinacea, Phleum
pretense, and Dactylis glomerata) [29]. ISMs developed in the
present study showed high polymorphism, 74% (40 of 54 ISMs)
with an average PIC of 0.31. Similarly, ISMs were highly
polymorphic in other crop species such as mustard [30] and
rice [13,31]. Also, in another food legume species, pigeonpea, 55%
of ISR (intron-spanning region) markers were polymorphic with
an average PIC value of 0.16 and alleles amplified ranged from
one to three [32]. More recently, 119,169 and 110,491 ISMs were
developed from introns of desi and kabuli chickpea genes,
respectively [33] and a set of 2405 ILP markers showed high
polymorphism (86.2%) in 32 accessions of chickpea [33].
Our results also showed high allelic diversity among the lentil
genotypes for ISMs, indicating that thesemarkers can be useful in
lentil breedingprograms for several purposes.Thecluster analysis
based on genotyping data of 40 polymorphic ISMs clustered the 32
Lens genotypes into two groups. The first group showed
subclustering of wild and cultivated accessions separately and
further subclustering of the lentil cultivars along with a few other
genotypes from ICARDA (International Center for Agricultural
Research in the Dry Areas) might be due to the use of ICARDA
materials in lentil breeding programs of India. The second group,
comprised mostly lentil germplasm or landraces of exotic origin,
indicating that they have different genetic constitution compared
to cultivated accessions. Thus, the present ISMs clearly differen-
tiated the 32 Lens genotypes. These ISMs will enrich current
genomic resources of lentil. Further, ISMs can be used for gene
expression studies for a set of candidate genes in lentil.5. Conclusions
Aset of 1703 ISMsweredesignedusing spliced alignment of lentil
EST sequences against the Medicago genome. A panel of 57 ISM
primer pairs (polymorphic as well as monomorphic ISMs) was
validated in a group of cultivated andwild lentils. Thesemarkers
have been developed from gene sequences of lentil that encode
several functional proteins. Therefore, these ISMs will be useful
as functional or genic markers in lentil genetics and breeding.
Supplementary data for this article can be found online at
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